ABSTRACT: Endplate pathology plays an important role in the development of lumbar disc degeneration. Previous research paid little attention to differences between the superior and inferior endplates as a possible risk factor for disc degeneration. The purpose of this study was to test the hypothesis that asymmetry between the superior and inferior endplates is a risk factor for the development of lumbar disc degeneration. A total of 134 patients with lumbar disc herniation (LDH) and 100 healthy adults ("Controls") underwent magnetic resonance imaging scans. Each disc was categorized as non-degenerated (Pfirrmann grades I-II) or degenerated (Pfirrmann grades III-V) and get the following three groups: "Degenerated LDH" discs (n ¼ 145), "Non-degenerated LDH" discs (n ¼ 525) and "Non-degenerated Control" discs (n ¼ 500). On mid-sagittal image, the lumbar endplate morphology could be categorized into three types: Flat, concave, and irregular. Superior and inferior endplates of a given disc were "symmetric" if both were of the same type, and "asymmetric" if they were of different types. The proportion of asymmetric endplates at L4-5 was higher in the "Degenerated LDH" discs group (47%) than in the "Non-degenerated LDH" discs group (21%) or "Non-degenerated Control" discs group (7%) (p < 0.05). At L5-S1 the proportions were 73%, 55%, and 38% (p < 0.05). Asymmetry of superior and inferior endplates in the mid-sagittal plane is a risk factor for lumbar disc degeneration. ß
Low back pain is one of the most common complaints in clinical practice. 1 Lumbar disc degeneration is an important cause of low back pain. 2 The role of mechanical loading in the intervertebral disc degeneration has already been confirmed. Excessive mechanical loading may directly damage the structure of the intervertebral disc and involve an irreversible cascade of cell-mediated responses, resulting in intervertebral disc disruption and subsequent degeneration. 3 The common factors that cause excessive mechanical loading include overweight, trauma, and heavy physical labor. 4 Before disc structure disruption caused by mechanical loading can lead to intervertebral disc degeneration, factors that weaken a disc's structure may be more important in the process of disc degeneration, including age, inadequate metabolite transport, prolonged abnormal postures, and individual genetic inheritance. 5 In recent years, advances in the understanding of disc degeneration have suggested a major role for genetic inheritance. 6 Existing studies have shown that genetic factors account for approximately 75% of disc degeneration in the upper lumbar spine, but only 35% in the lower lumbar spine, where mechanical loading is more severe. 7 Many genes, including COL1A1, MMP-1, and CASP9, have been identified to have impacts on disc degeneration. 8 These genes or genetic factors not only affect the disc structure, metabolism, repair, and inflammation but also extensively impact the surrounding structures of a disc. 8 The endplate structure, adjacent to the intervertebral disc, provides the exchange of nutrients and waste and direct conduction of mechanical loading. Moreover, the endplate plays an important role in maintaining the strength and function of the disc. 9 It has been demonstrated that differences between the antero-posterior diameters of the superior and inferior endplates of the same disc is an independent risk factor for lumbar disc degeneration. 10 However, it has not been reported whether differences in the shape of the inferior and superior endplates (in the mid-sagittal plane) correlates with lumbar disc degeneration. Therefore, on the basis of types of mid-sagittal endplate morphology, in which symmetry was defined as the same type between the superior and inferior endplates of a given disc and asymmetry was defined as the different types between them. The purpose of this study was to test the hypothesis that asymmetry between superior and inferior endplates is a risk factor for the development of lumbar disc degeneration.
METHODS

Subjects and Grouping
This retrospective case-control study (Levels of Evidence III) was approved by the Institutional Review Board of our university. A total of 134 young adult patients (age: 18-39 years) with lumbar disc herniation(LDH) treated in Huashan Hospital of Fudan University from January 2010 to December 2015 were included in the study. The exclusion criteria included spine surgery history, scoliosis, lumbar fractures, tuberculosis, tumor, and infections. A total of 100 healthy adults (age: 18-39 years) without lumbar disc degeneration were included as the controls. If there is any bony structural abnormal or significant degeneration (Pfirrmann grades III-V) in any lumbar disc is to be ruled out of the controls. In this study, every single segment of the lumbar spine (L1-2, L2-3, L3-4, L4-5, and L5-S1) in all subjects was studied. The magnitude of intervertebral disc degeneration in each segment was determined based on the Pfirrmann classification system (Table 1) , 11 in which Pfirrmann grades I and II indicate no intervertebral disc degeneration, while Pfirrmann grades III-V indicate intervertebral disc degeneration. This study compared three groups of discs: (i) degenerated discs from LDH patients; (ii) non-degenerated discs from LDH patients; and (iii) non-degenerated discs from Control (healthy) subjects.
Magnetic Resonance Imaging (MRI) Examinations and Measurements
Every subject underwent a lumbar MR scan (GE Sigma Twins EXCITE II 1.5 T MRI scanner). In the mid-sagittal T2WI view (the whole outline of the spinous process was visualized), the types of the lumbar endplate morphology could be divided into three categories: Flat shape (Fig. 1b) -a connecting line was drawn through both ends of the endplate, and the edge of the endplate overlapped with the connecting line or no obvious depression was visualized (i.e., the maximum depth of the depression in the endplate <1 mm); concave shape (Fig. 1a) -the edge of the endplate formed a smooth curved line, and the maximum depth of the depression in the endplate was more than 1 mm; and irregular shape (Fig. 1c) -endplate edge roughness or defect or a projection beyond the connecting line was visualized. 12, 13 Considering that each segment includes the superior and inferior endplates and the three defined types of endplate morphology, there should be six endplates morphological relationships: "concave-concave," "concaveflat," "concave-irregular," "flat-flat," "flat-irregular," and "irregular-irregular" types (Fig. 2) . The definition of (a) symmetry was as follows: Symmetry was defined as the upper and lower endplate shapes being identical, while asymmetry was defined as the upper and lower endplate shapes not being identical. With those definitions in mind, "concave-concave," "flat-flat," and "irregular-irregular" types were considered as symmetry of endplate morphology, while "concave-flat," "concave-irregular," and "flatirregular" types were considered as asymmetry of the endplate morphology.
Statistical Analysis
The SPSS Version 22.0 software package (IBM Corp., Armonk, NY) was used for statistical analysis. Student's ttest was used to test the differences in the quantitative data between the three groups of discs. Chi-square or Fisher's exact test was used to test the differences in categorical data between the groups. The Kruskal-Wallis H test was used to test the differences in the ranked data between the groups. Two-tailed tests were used for all data analyses. p values less than 0.05 were considered statistically significant.
RESULTS
Gender, age, occupation, and BMI were matched and not significantly different between the LDH patients and healthy subjects included in this study ( Table 2 ). The distribution of Pfirrmann classification was not significantly different between the "Non-degenerated LDH" discs group and "Non-degenerated Control" discs group (Table 3) . Two physicians who were blind to this study were invited to measure the variables and the Kappa-value was 0.83.
Of 134 patients with lumbar disc herniation, a total 145 discs were classified as Pfirrmann grade III (or above grade III) degeneration ("Degenerated LDH" discs group. In the "Non-degenerated Control" discs group (n ¼ 500), the "concave-concave" symmetry type
, and L5-S1 [59%]). Of these findings, the symmetry type at the L5-S1 level was significantly different from the other four segmental levels (p < 0.001 in each comparison). In the "Non-degenerated LDH" discs group (n ¼ 525), the "concave-concave" symmetry type was predominant from level L1-2 to level L4-5 (L1-2 [69.4%], L2-3 [73.48%], L3-4 [75.57%], and L4-5 [58.67%]), but the symmetry type at level L5-S1 was significantly different from the other four segmental levels (p < 0.001 in each comparison). In the "Degenerated LDH" discs group, the sample sizes in L1-2, L2-3, and L3-4 were too small to show statistical significance. The "irregular-irregular" symmetry type was the major type in the L4-5 level, and the "concave-irregular" type was the major type in the L5-S1 level. However, there was no significant difference between the two segmental levels (p ¼ 0.092). In each lumbar segment, the distribution of symmetry type of the endplate morphology was significantly different among the three groups (Table 4 ).
In the "Non-degenerated Control" discs group, the majority of the morphological relationship of between the superior and inferior endplates from L1-2 to L4-5
, and L4-5 [93%]). However, the symmetrical rate was only 62% in the L5-S1 segment and was significantly lower than those in the other four segmental levels. In the "Non-degenerated LDH" discs group, most of the morphological relationship of mid-sagittal between the superior and inferior endplates from L1-2 to L4-5 were symmetrical (L1-2 [82.84%], L2-3 [87.12%], L3-4 [85.5%], and L4-5 [78.67%]), in contrast, most (54.72%) of endplate morphology in the L5-S1 segment was not symmetrical; the symmetrical rate was also significantly lower than those in the other segmental levels. In the "Degenerated LDH" discs group, the symmetrical rates of mid-sagittal between the superior and inferior endplates were significantly different between the L4-5 and L5-S1 levels (52.54% vs. 27.16%, p ¼ 0.002). The endplate morphology was significantly asymmetrical in the L5-S1 segment. (Table 5 ).
In terms of each lumbar segment, symmetry between superior and inferior endplates was lower in the "Non-degenerated LDH" discs group than in the "Nondegenerated Control" discs group, and the rates in the "Degenerated LDH" discs group were lower than in the "Non-degenerated LDH" discs group. These differences were statistically significant. (Table 5 ).
DISCUSSION
The impact of the endplate on the occurrence and development of lumbar disc degeneration has attracted more and more attention. [14] [15] [16] [17] [18] Previously, many researchers have investigated the relationship between endplate shape and lumbar disc herniation. Harrington et al. found a positive correlation between the circle shape of the endplate and L4-5 or L5-S1 disc herniation. The greater the ratio of the anteroposterior/ transverse diameter is (the endplate shape looks more like a circle when the ratio is closer to 1), the higher the incidence of lumbar disc herniation is. 19 Furthermore, He et al. 20 showed that the greater the severity of ASYMMETRY OF THE ENDPLATE MORPHOLOGY lumbar disc degeneration is, the greater the concave angle and the flatness of the endplate are. These changes may be caused by loss of vertebral height and an increase in the anteroposterior diameter.The correlation between the endplate morphology and disc degeneration or Modic changes has been confirmed in other studies. 21, 22 The changes of the endplate shape from concave to flat and then to irregular indicate the gradual progression of lumbar disc degeneration. 13 Most of these previous studies were confined to analyses of single endplate morphology. Few studies involved differences between the superior and inferior endplates in a same lumbar segment. Wang et al. reported significant morphological differences between the superior and inferior endplates in the same segment, in which the depression of the superior endplate was much greater than that in the inferior endplate. Moreover, the shape and size between the superior and inferior endplates are also very different. 23 Pouriesa et al. proposed using "difference of endplates" (DEP, i.e., the difference of the anteroposterior diameter of the superior and inferior endplates) as a parameter to investigate the disproportion between the superior and inferior endplates in the same lumbar segment. They found a significant correlation of this disproportion with the development of disc herniation. The disproportion between the endplates may be an independent risk factor for lumbar herniation. 10, 24 Presumably, the possible mechanism was that the difference of the anteroposterior diameter mightbe lead to abnormal stress on the upper and lower endplates and the annulus fibrosus, which increased annulus fibrosus rupture and eventually increased the incidence of disc herniation.
Mechanical loading of the intervertebral disc is determined by the interaction of the superior and inferior endplates. A single endplate shape cannot fully represent the mechanical environment of the entire disc. Therefore, in a study to investigate whether the endplate morphological relationship is related to lumbar disc degeneration, the superior, and inferior endplates neighbouring the same disc should be considered as a single unit to draw a more comprehensive conclusion. In this study, we employed this idea to generate the concept of symmetry of endplate morphology, which was used to explain the correlation between endplate shape and lumbar disc degeneration.
This study revealed that the "concave-concave" type was predominant in all lumbar segments in the healthy subjects. Likewise, symmetrical lumbar endplate morphology was predominant in all segments. In ASYMMETRY OF THE ENDPLATE MORPHOLOGY contrast, the "concave-concave" type symmetry was less common in the L5-S1 segment than in the other four lumbar segments. Moreover, the symmetrical rate was also lower in the L5-S1 segment. In the L1-2, L2-3, L3-4, and L4-5 segments, the endplate symmetry was defined as comparison of the endplate morphology between the neighbouring lumbar vertebrae. In the L5-S1 segment, the symmetry was referenced to compare the inferior endplate morphology of the lumbar vertebra with the superior endplate of the sacral vertebra. Therefore, we suggest that the anatomical differences between the lumbar and sacral vertebrae are responsible for the distinctiveness of the endplate symmetry in the L5-S1 segment.
In the L5-S1 and L4-5 segments, the symmetrical rate of the lumbar endplate morphology was significantly lower in the degenerated disc than in the nondegenerated disc in LDH patients, in which the rate was significantly lower than in the control group (L5-S1 [27.16% vs. 45.28% vs. 62%], L4-5 [52.54% vs. 78.67% vs. 93%]). This result indicates that asymmetry of the mid-sagittal endplate morphology is associated with lumbar disc degeneration and is more common in the degenerated disc in LDH patients compared with the same level in a non-degenerated disc in LDH patients or normal disc in healthy subjects Furthermore, is the asymmetry of the mid-sagittal lumbar endplate morphology a risk factor for or a consequence of lumbar disc degeneration? Previous studies have demonstrated that the endplate changes may induce the occurrence of lumbar disc herniation. Endplate-driven disc degeneration is a disc degeneration process (the other process is mediated by the cartilage) and is highly correlated with genetic factors, in which disc degeneration is mainly caused by endplate defects and collapsed fibre rings. 25 Mechanical and morphological studies showed endplate fracture creates abnormal stress distributions in the adjacent intervertebral disc, increasing the risk of internal disruption and degeneration. 26 Another study showed that lumbar disc degeneration can also cause endplate remodeling. In the early stage, disc degeneration leads to an increase in endplate stress, the endplate gradually begins subchondral bone hyperplasia (remodelling), which is positively correlated with the magnitude of endplate degeneration. 14, 27 The present study attempted to demonstrate that asymmetry of the endplate morphology occurs before the development of disc degeneration. In this study, the lumbar intervertebral discs in patients with lumbar disc herniation were divided into two groups: The "Nondegenerated LDH" discs group (Pfirrmann grades I and II) and the "Degenerated LDH" discs group (Pfirrmann grades III-V). The two groups were from the same individuals (LDH patients). Considering that each lumbar intervertebral discs in an individualhas the same genetic condition, the endplate morphology studied in the "Non-degenerated LDH" discs group had the same genetic conditions as those in the "Degenerated LDH" discs group. The magnitude of disc degeneration that was classified as Pfirrmann grades I and II in either the healthy subjects ("Non-degenerated Control" discs group) or the "Non-degenerated LDH" discs group was considered as no disc degeneration in these segments. In the other words, the endplate morphology was not affected by remodelling and could be considered as an original endplate morphology that only reflects the genetic condition. Assuming that disc degeneration causes changes in endplate morphology, the endplate morphology should not change before intervertebral disc degeneration occurs. The symmetrical rate of the endplate morphology should be the same between the "Non-degenerated Control" discs group and the "Non-degenerated LDH" discs group . However, what we observed in this study was different from the assumption: A significant difference existed between the "Non-degenerated Control" discs group and the "Non-degenerated LDH" discs group. (Table 5 ) The asymmetrical rate was significantly higher in the "Non-degenerated LDH" discs group than in the "Non-degenerated Control" discs group, that is, asymmetry of the endplate morphology was more common in the "Non-degenerated LDH" discs group (from LDH patients), before intervertebral disc degeneration occurred. Therefore, high asymmetry of the endplate morphology reflects the patients' genetic conditions, and asymmetry of the mid-sagittal lumbar endplate morphology is a risk factor for lumbar disc degeneration.
This study has certain limitations. First, this study just only focused on symmetrical types of mid-sagittal endplate morphology. However, the endplate shape was not contained within only the confines of the midsagittal plane. Confirming the symmetrical relationships of morphology in other planes or dimensions will require further studies. Second, this study attempted to eliminate the influence of intervertebral disc degeneration on endplate morphology, but it could not completely rule out the impact of mild degeneration on endplate morphology. Third, we did not analyze the relationship between a particular type and disc degeneration. For example, the relationship between the type of "irregular-irregular" and disc degeneration was not clear, maybe need further study. Finally, this study is an observational study and may be affected by observer bias. To minimize any observer bias, we used the same MR scanner in the same hospital, and two physicians who were blind to this study were invited to measure the variables. Kappa-coefficient test was used to examine the degree of reliability between the two observers and showed consistent reliability.
CONCLUSION
The morphological relationship of between the superior and inferior endplates closely correlated with lumbar disc degeneration. Therefore, asymmetrical of between the superior and inferior endplates is a risk factor for the development of lumbar disc degeneration.
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